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For the first time, planar biomimetic membranes consisting of Aquaporin Z (AqpZ) were 
fabricated upon cellulose acetate membrane substrate functionalized with methacrylate 
end groups. By vesicle rupture of triblock copolymer (ABA) vesicles and UV 
polymerization, a selective layer upon the substrate for nano-filtration (NF) was formed. 
The AqpZ:ABA ratio was varied from 1:200 to 1:50 and its effects on nanofiltration 
performance were elucidated. It is found that the NF membranes comprising AqpZ:ABA 
ratio of 1:50 can give an impressive water permeability of 34 LMHbar
-1
 and NaCl 
rejection of more than 30%. This study opens up new possibilities of using AqpZ 
embedded biomimetic membranes for water purification with advantages that include 
high throughput with lesser energy consumption. 
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Chapter 1. Introduction 
 
1.1 Development of Membranes for Liquid Separation 
A membrane is defined as a thin semi-permeable barrier that allows the passage of certain 
molecules while simultaneously rejecting others. Membrane-based separations are energy 
efficient and cost effective compared to traditional separation processes [1] such as multi-
stage flash distillation and vapour compression desalination. Membrane processes are 
able to replace energy-inefficient thermally driven approaches and hence are becoming 
an attractive technology for energy saving [2]. Membrane technology which makes use of 
its unique separation principle – the transport selectivity, is advantageous over other unit 
operations. In addition, separations carried out using membranes can function 
isothermally at low temperatures and at relatively low energy consumption. This modular 
technology is also attractive as it renders upscaling and integration of membrane 
processes into other separation or reaction processes relatively easy [3]. 
 
To address the pressing issues of water scarcity in the 21
st
 century [4-7], membrane 
processes for liquid separation that use pressure differences as a driving force have been 
utilized. These processes include microfiltration (MF), ultrafiltration (UF), nanofiltration 
(NF) and reverse osmosis (RO). Separation of fluids by these four processes mainly 
depends on size exclusion and can be classified according to their pore size. The type of 
application area hence depends on the molecule of interest that needs to be removed or 
retained. The pressure applied for these processes also gradually increase from MF to RO 
as seen in Table 1.1. 
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Membranes can be classified as symmetric (isotropic) or asymmetric (anisotropic). 
Symmetric membranes have a uniform structure across the entire cross-section of the 
membrane whereas asymmetric membranes are non-uniform and possess layers which 
vary in structure or chemical composition. Ultrafiltration, nanofiltration and reverse 
osmosis membranes are generally asymmetrical, comprising of a thin dense skin layer 
which primarily controls the separation performance and a porous sublayer underneath 
which imparts mechanical support. Most membranes are fabricated from polymeric 
materials due to the higher productivity and flexibility in application. The majority of 
polymeric membranes are prepared by the conventional phase inversion techniques which 
namely include: 1) thermally induced phase separation (TIPS); 2) air-casting of a 
polymer solution; 3) precipitation from the vapour phase and 4) immersion precipitation 
in a non-solvent bath. 
 
Generally, polymeric membranes for water treatment purposes are fabricated from an 
initially thermodynamically stable polymer solution through the phase inversion 





technique via immersion precipitation. This technique is also known as the Loeb-
Sourirajan technique which was used by Loeb and Sourirajan in their development of the 
first cellulose acetate membrane for seawater desalination [8]. In this process, a 
homogeneous polymer solution is cast on a suitable support and then immersed in a 
coagulation bath containing a nonsolvent. The solvent begins to diffuse into the 
coagulation bath while the nonsolvent begins to diffuse into the polymer solution (also 
known as liquid-liquid demixing), thereby bringing the composition of the polymer 
solution into the miscibility gap of the ternary phase diagram [9]. 
 
A ternary phase diagram is very useful in the description of the thermodynamic 
properties of a three-component system of polymer/solvent/nonsolvent which is usually 
used to make asymmetric membranes [10]. The state and equilibrium composition of the 
polymer solution can be well depicted in ternary phase diagrams. 
 
Based on the ternary phase diagram, Strathmann [11] et al. investigated the 
thermodynamics aspects of instantaneous demixing and delayed demixing processes 
which induced different membrane structures. A standard phase diagram is as shown in 
Fig. 1.1. Each corner of the triangle represents each particular component (polymer, 
solvent, and nonsolvent) while a mixture of three components is depicted by any point 
within the triangle. 






Fig. 1.1 A typical ternary phase diagram of a polymer/solvent/non-solvent system. 
 
Three regions of a phase diagram include: the stable region where the solution is 
thermodynamically stable, a metastable region which is between the binodal and spinodal 
curves, an unstable region enclosed by the spinodal curve. The line which connects a pair 
of equilibrium compositions in the phase diagram is called a tie line. The liquid−liquid 
phase boundary is the so-called binodal. Every composition inside the binodal curve will 
demix into two liquid phases which differ in composition but which are in 
thermodynamic equilibrium with each other. The intersection between the spinodal and 
binodal curve is known as the critical point. 
 






Fig. 1.2 Composition paths of a cast film immediately after immersion (t<1s) depicting (a) 
instantaneous demixing and (b) delayed demixing. T and B represent top and bottom of 
the film respectively. 
 
The system consists of two regions: a one-phase region where all components are 
miscible and a two-phase region where the system separates into polymer-rich and 
polymer-poor phases. Using this ternary phase diagram, the composition path of a 
polymer film at a certain time of immersion in a nonsolvent bath can be expressed 
schematically. From Fig. 1.2a, the composition path crosses the binodal line, implying 
that liquid−liquid demixing starts immediately after immersion. Fig. 1.2b shows that no 
demixing occurs immediately after immersion. After a longer time interval, compositions 
beneath the top layer will cross the binodal curve and demixing will also start from this 
point. The two distinct paths which the demixing processes undergo produce resulting 
membrane morphologies which are entirely different. Strathmann et al. also observed that 
these two fundamentally different structures depend on the rate of polymer precipitation 
by nonsolvent induced phase separation. Precipitation rate is measured as the time 
interval from the instant of immersion of the casting solution in a precipitation bath to the 
time when that solution turns opaque or when the membrane separates from the glass 





plate. Their research showed that slow precipitation rates produced membranes with 
―sponge-like‖ morphologies. These membranes usually display high salt rejections and 
low water fluxes. On the other hand, fast precipitation rates produced membranes with 
large ―finger-like‖ macrovoids in the substructure. Low salt rejections and high water 
fluxes are the characteristics of such membranes. 
 
Spinodal decomposition takes place when the system enters a thermodynamically 
unstable spinodal region by directly crossing the critical point or via the meta-stable 
region. In such a situation, spinodal decomposition originates, not from nuclei, but from 
concentration fluctuations of increasing amplitude. It is generally understood that 
spinodal decomposition yields open-cell or interconnected network structure [12, 13]. 
 
In the metastable region which lies between the binodal and spinodal curves, phase 
separation will take place by nucleation and growth. In general, nucleation and growth of 
the polymer-rich phase in the lower meta-stable region which has low polymer 
concentrations leads to polymer powders or low-integrity polymer agglomerates which 
cannot be used as useful membranes. In contrast, nucleation and growth of the polymer-
poor phase at high polymer concentrations in the upper meta-stable region results in 
porous membrane morphology [14]. 
 
Hence, a number of factors which include the choice of solvent-nonsolvent system, 
composition of polymer solution and coagulant bath [15] will influence the membrane 
structure. Most membrane scientists and engineers generally agree that the morphological 





change during membrane formation via liquid-liquid demixing may result from a 
combination of nucleation growth and spinodal decomposition. The concept of nucleation 
growth and spinodal decomposition can only help us qualitatively understand membrane 
formation and predict membrane morphology from the thermodynamic point of view. In 
reality, a phase inversion is a dynamic process where each composition in the polymer-
solvent-non-solvent system changes rapidly due to complicated mass transfer and 
convective flows among polymer, solvent and non-solvent during phase inversion. Thus, 
a further consideration including the kinetic point of view is necessary. For example, the 
ratio (referred as the k value) of solvent outflow to non-solvent inflow plays a crucial role 
on controlling membrane structure and overall porosity. 
 
1.2 Development and Application of Nanofiltration Membranes 
Nanofiltration (NF), one of the most newly developed pressure-driven processes, has 
been increasing in popularity since its introduction in the 1980s [16]. Nanofiltration 
possesses characteristics between reverse osmosis (RO) and ultrafiltration (UF). It was 
previously given the term ‗Hybrid Filtration‘ by Israel Desalination Engineering in the 
1970s as it is a process between RO and UF [17]. However, due to the ambiguity of the 
type of filtration, it was renamed nanofiltration as it is a process that rejects molecules 
which have a size in the order of one nanometer.  
 
NF membranes typically possess pore sizes of about 0.5 to 2 nm with a molecular weight 
cut-off (MWCO) from 200 to 1000 Daltons. The MWCO is defined as the molecular 





weight of a molecule which is 90% retained. Commercially available NF membranes are 
generally negatively charged from Dow, Nitto Denko etc. 
 
Its advantages over the well-established reverse osmosis (RO) process include lower 
operating pressures and subsequently operating cost while maintaining a relatively high 





 ions which act as beneficial nutrients to the human body. 
These advantages have prompted nanofiltration to be widely utilized in applications such 
as water softening [20], removal of pharmaceuticals [21-24], endocrinologically active 
compounds [25] and pesticides [26], wastewater treatment [27] and paper and pulp 
processing [28]. Separation of cationic molecules such as synthetic dyes [29] and 
removal of arsenic from drinking water [30] are also becoming increasingly attractive 
using the NF process. 
 
1.2.1 Nanofiltration separation mechanisms 
The transport of the solute and solvent through nanofiltration membranes is brought 
about by the chemical potential gradient between the two phases separated by the 
membrane. The rejection mechanisms of NF membranes include size exclusion, charge 
repulsion and solute-membrane affinity [31-33]. 






Fig. 1.3 The different transport mechanisms of nanofiltration membranes 
 
Uncharged organic molecules are rejected by the sieving mechanism based on the pore 
size of the membrane. As aforementioned, the membranes are characterized by the 
MWCO. However, this parameter gives only a rough estimate of retention characteristic 
of a membrane for uncharged molecules. Moreover, molecular weight cannot represent 
the geometry of the molecule and does not provide information on the retention for 
molecules having a molecular weight below the MWCO. 
 
The rejection of charged molecules is influenced by the inherent charge on the membrane. 
If the membrane in contact with an ionic solution is considered, the ions with identical 
charge as the membrane are excluded and cannot pass through the membrane, and the 
transport rates of solutes will change as ion concentrations change. This effect is known 
as the Donnan exclusion principle.  The Donnan exclusion is marked by a characteristic 
dependence of rejection on the electrolyte valence type; an increase with the increasing 





co-ion charge and a decrease with an increasing counter-ion charge. An example of 
positively charged rejecting various electrolyte solutions yields a rejection following the 
order of R(MgCl2) > R(NaCl) > R(MgSO4) > R(Na2SO4). This can be explained by the 
Donnan exclusion effect whereby a positively charged membrane shows a higher 
rejection to divalent cations (Mg
2+
) with a higher co-ion charge than monovalent cations 
(Na
+
), and a lower rejection of divalent anions (SO4
2-
) with a higher counterion charge. 
The SO4
2-
 counterion  experiences higher transport across the membrane due to stronger 




1.2.2 Fabrication of nanofiltration membranes 
A NF membrane usually consists of a thin active layer supported by a porous sublayer. 
This active layer plays the determining role in permeation and separation characteristics 
while the porous sublayer imparts the mechanical strength. There are many approaches to 
fabricate this active layer, namely: (1) interfacial polymerization [34], (2) layer-by-layer 
assembly [35, 36], (3) chemical crosslinking [37] and (4) UV grafting [38]. 
Nanofiltration membranes are typically made from polymeric materials such as cellulose 
acetate, polyamide, polysulfone and polyethersulfone [39, 40]. Table 1.2 lists the major 











Table 1.2 Commercial nanofiltration membranes and their characteristics 





Negative Flat sheet 
NTR7250 Nitto-Denko Polyvinyl alcohol Negative Flat sheet 
NF70 NF50 Minneapolis Polyamide Negative Flat sheet 
NF PES10 Germany Polyvinylpromidone Negative Flat sheet/spiral 
wound 
 





1.3 Research Objectives 
Due to continuing efforts in improving the permeability and rejection performance of 
nanofiltration membranes which are important for increasing efficiency in industrial 
applications, the objective of this study is to investigate new approaches to achieve them. 
In recent years, the incorporation of transmembrane proteins known as Aquaporins has 
attracted worldwide attention. Hence, the exploration of the incorporation of aquaporin to 
develop biomimetic membranes for nanofiltration will be studied in this work. 
 
Desirable biomimetic membranes useful for water production must have the following 
characteristics: 
 Ultra-thin membrane thickness 
 Good mechanical stability without losing its fluid nature 
 Ability to incorporate aquaporin water channel proteins without causing 
denaturation 
 The transmembrane proteins must have cooperative interactions with the lipid or 
polymeric matrix to enhance the overall functionality but without defective pores 
for ion transport 










Therefore, this dissertation will address questions such as 
 How can planar biomimetic membranes be prepared with the combination of 
fluidity and stability on planar surfaces? 
 Can the functionality of aquaporins be maintained? 
 Do the fabricated biomimetic membranes exhibit good permeability and rejection 
performance? 
  





Chapter 2. Aquaporin (AqpZ)-embedded membranes for nanofiltration 
 
2.1 Introduction to Aquaporins 
Water transports rapidly through most living cells that are enclosed by lipid bilayer 
membranes. However, the lipid bilayer membrane is basically impermeable to water and 
ions. For decades, this transmembrane flow was explained only by the simple diffusion of 
water molecules through the phospholipid bilayer. However, this process is known to be 
very slow and requires high activation energy (Ea >10 kcal/mol) [41]. The model of 
simple diffusion failed to explain why the membrane permeability of some cell types is 
so high that the bulk movement of water across the membrane occurs as fast as if no 
membrane was present and why the activation energy required to move the water 
molecules across is much lower and comparable to that of water molecules diffusing 
freely in solution (Ea < 5 kcal/mol).  
 
The origin of this high water permeability was revealed by Peter Agre in 1992 with the 
discovery of the first aquaporin protein, ‗aquaporin-1‘, that was embedded in and across 
the lipid bilayer membrane. To date, there are thirteen known aquaporins in the human 
body and they serve as the plumbing systems for cells (named Aqp0 through Aqp12) [42].  
For instance, Aqp0 is found in the lens [43], Aqp2 in the kidneys [44] while Aqp5 
facilitates water transport within the cells of the stomach, lungs and ears [45]. Aquaporins 
are exclusive water channels that will not allow the transport of ions or other small 
molecules because of narrow channels and unique charge characteristics. As a result, the 
aquaporin channel has extremely high water selectivity and water passes it rapidly by 





osmosis. The transport of water through aquaporins represents facilitated diffusion driven 
by osmotic or concentration gradients. 
Within the aquaporin family, Aquaporin Z (AqpZ) is of particular interest for water reuse 
and seawater desalination purposes due to it being the simplest member and also able to 
be overly expressed in and purified from its native host Escherichia coli (E. coli), 
producing a good source of protein. Additionally, AqpZ has been reported to be robust 
under various solution conditions and active upon reconstitution into lipid vesicles [46]. 
 
Fig. 2.1 Predicted primary sequence and membrane topology of 10-histidine tagged 
Aquaporin Z (AqpZ) [47] 
 
A single aquaporin is a tetramer, made of 4 equal units, often referred to as channels. 
Each AqpZ monomer has six transmembrane domains and five connecting loops (A to E) 
and is made up of two hemipores which each have Asn-Pro-Ala (NPA) motifs and are 
located at the middle of the channel upon folding. These are believed to be directly 





involved in the selectivity filter of the channel and are responsible for the sieving of 
water molecules by size restriction. The amino- and carboxy-termini are intracellular, so 
the repeats are oriented at 180° to each other. The two hemipores fold into the membrane 
from the opposite surfaces of the bilayer, overlapping midway through the bilayer where 
they are surrounded by six transmembrane helices [48]. 
 
Fig. 2.2 (a) Ribbon diagram of an Aqp subunit (b) Schematic architecture of the channel 
within a Aqp subunit and (c) Top view of the tetramer form of an Aqp [49] 
 
 
The narrowest diameter of the pores is 2.8 Å, approximately the size of a single water 
molecule. A second barrier exists in the center of the pore, where an isolated water 
molecule will transiently form hydrogen bonds to the side chains of two highly conserved 
asparagines residues. This provides a very interesting mechanism—one that allows water 
to move with no resistance [50]. An Arginine residue bears a positive charge at the 
narrowest constriction of the channel and acts as an electrostatic potential barrier and will 
repel protons. When passing through the Aqp channel, the water molecules are spaced 
within the pore at intervals so that hydrogen bonding cannot occur between them. AqpZ 
has been functionally expressed in E. coli, in which it has been shown in vivo to mediate 










changes in the extracellular osmolality [51]. The bidirectionality of water channel activity 




Biological systems are far more advanced than artificial systems and are worthy to be 
pursued and mimicked. The incorporation of carbon nanotubes [53], nanoparticles and 
biological elements [54] in such membranes are reported to improve their performance. A 
protein-based membrane composed of crosslinked ferritin containing channels less than 
2.2nm has displayed impressive performance of 9,000 L/(m
2
.h.bar) which was about 
1000 times larger in magnitude as compared to a commercial cellulose-based 
ultrafiltration membrane from Millipore. The protein-based membrane also showed 100% 
rejection of protoporphyrin as compared to 53% by the commercial membrane. 
 
Since the serendipitous discovery of aquaporin, naturally biological membranes provide 
solid molecular evidence for fast trans-membrane water transport with high salt rejection 
[55-61]. This inspires mankind to mimic biological membranes by incorporating Aqp into 
biomimetic membranes for water reuse. Each Aqp monomer is estimated to bring across 
13 billion water molecules per secound. Therefore, this brings about an intriguing appeal 
to integrate such exclusive water channel proteins in water purification applications. 
 
 
The osmotic water permeability of aquaporin Z was shown to be in the range of more 




/s per monomer [47], corresponding to 3.3 billion molecules per 





second and their ion rejection far exceeds that of the most advanced commercial 
membranes. It has been estimated that a lipid bilayer incorporated with a protein to lipid 
ratio of 1:50 can yield a hydraulic permeability of about 9 to 16.5 L/m
2
.h.bar [62]. This 
far surpasses current commercially available RO membranes [63]. 
 
Even though there are several patents related to Aqp incorporated membranes [64-69], 
most of them are mainly conceptual designs without much experimental data and 
scientific teaching. Most studies have focused on their vesicular counterpart and how 
they interact with non-porous substrates [70-73]. Recently, pore-suspending biomimetic 
membranes embedded with Aquaporin using porous alumina discs with pore diameters of 
60 ± 15nm as the substrate were developed [74]. Extensive mechanical properties have 
been examined, but no investigation was conducted for water reuse. 
 
The fundamental approach in fabricating a biomimetic membrane is to extract guiding 
principles from nature in order to provide the basic building structure. Biomimetic 
membrane design adopts cues from the self-assembly of lipids or other amphiphilic 
molecules into bilayer membranes. The understanding of membrane function has been a 
challenging one due to the overwhelming complexity of a biological membrane which 
encompasses a huge variety of lipid species, lipid bilayer asymmetry and extensive 
coupling between membrane components, domains, and cytoskeletal elements. 
Nevertheless, several biosensors based on biomimetic membrane designs have 
successfully been developed [75] despite combining only a few of these biomembrane 
components. 






From the many recent investigations, it seems that the fabrication of a sufficiently 
mechanically stable biomimetic membrane will require a porous support upon which the 
aquaporins are deposited or embedded. Kaufman et al. [76] made use of a dense 
commercial nanofiltration membrane to support lipids. However, in that study, only the 
coverage of the lipids on the substrate was proven with no water permeability trials done 
for aquaporin insertion. Heinemann et al. [77] and Vogel et al. [78] suspended lipids over 
apertures ranging from 300nm to 1000nm and 300microns to 84microns in diameter. 
However, the dimensions of these apertures are seemingly too big for the desired water 
purification applications driven by pressure. 
 
Therefore, the aims of this study are to (1) fabricate a substrate from a commercially 
available cellulose acetate (CA) polymer with pore sizes within an appropriate range, (2) 
to modify the CA substrate being compatible with Aqp and suitable for vesicle rupture,  
and (3) to molecularly design Aqp-embedded biomimetic membranes with minimal 
defects for nano-filtration. The advantages of employing polymeric substrates are to have 
the flexibility in manipulating surface chemistry and pore size along with pure water 
permeability. A substrate with high water permeability, i.e., minimal water transport 
resistance is crucial so that the functionality of Aqp can be exhibited clearly.  
 
Proper modifications of substrate surfaces and the use of amphiphilic polymers for Aqp 
embedded vesicles are essential to ensure membrane stability as well as compatibility to 
accommodate active Aqp proteins in the hydrophobic environment [79]. To realize the 





necessity of a stable membrane, triblock copolymers with polymerizable methacrylate 
end-groups have been demonstrated not only to provide considerable mechanical 
stabilization upon irradiation with a UV lamp (λ = 254 nm) [80], but also maintain the 
functionality of inserted proteins after crosslinking [81]. Research and development of 
biomimetic membranes is progressing rapidly and is no longer an exclusive field related 
to lipids. These amphiphilic block copolymers are attractive building blocks for 
biomimetic membranes as they provide a stable matrix to host transmembrane spanning 
proteins. Compared to lipids, they exhibit low permeabilities and hence enhance the 
difference in transport behaviour between the membranes with and without inserted 
proteins, allowing sensitive measurement of transport rates and the potential to control 
transport of these molecules. Amphiphilic block copolymers can also be specifically 
designed to possess different block lengths and block ratios [82]. Triblock copolymers 
have emerged as promising materials which fulfill such requirements because of their 
ability to mimic the amphiphilicity template provided by lipids [83]. Several studies by 
Meier et al. have proven this as well [84, 85]. Advantages of polymeric triblock materials 
include their mechanical stability [82] as compared to lipids. 
 
Since the limitations of current NF membranes are low fluxes and the use of relatively 
high hydraulic pressures [86-88] , it is envisioned that the Aqp-incorporated biomimetic 
membranes may provide high flux and low energy consumption for the NF process as 
well as open up a new frontier in water purification technology. This preliminary study 
on the NF process will serve as a continuing effort towards the well-developed reverse 
osmosis process. 






2.2 Methods to fabricate planar biomimetic membranes 
The solid-supported bilayer technique was first developed by McConnell in 1995 as a 
model system for biological membranes. As the name suggests, this involves the use of a 
support upon which the bilayer is deposited. Supported membranes on solid surfaces 
have been extensively studied [89]. Some applications and interests of SLB include 
understanding cell-substrate interactions, developing biochemical sensors [90], to study 
protein binding to lipid ligands, membrane insertion of proteins [91] and the design of 
non-denaturing matrices for the immobilization of enzymes or cell receptors [92]. They 
allow the preparation of ultrathin, high-electric-resistance layers on conductors and the 
incorporation of receptors into these insulating layers for the design of biosensors based 
on electrical and optical detection of ligand binding [93]. 
 
The common methods to assemble amphiphilic block copolymers or lipids on surfaces 
include: 
1. Langmuir Blodgett (LB) technique. Although quantitative and controllable, this 
technique suffers from issues such as scalability and is a slow method. 
2. Detergent dialysis [94] 
3. Painting method [95-97] 
4. Vesicle spreading [92, 93]. This method is one of the most convenient ways to 
provide large-scale robust bilayers since it does not require sophisticated 
equipments and allows the deposition of membranes with proteins [89]. The 
vesicle fusion method can be used to obtain a variety of configurations including 
the polymer-cushioned lipid bilayer, tethered lipid bilayers or hybrid layers. 






As a starting point of this challenging aim to achieve planar biomimetic membranes, the 
method of vesicle rupture on a porous support will be attempted. As the polymer-
cushioned technique will impose another interface which brings about complications, the 
most basic configuration of supported bilayer will be investigated as a start. 
 
2.3 Mechanism of vesicle rupture 
Understanding the mechanism of transformation of vesicles in solution into a continuous 
and stable single bilayer on a surface would provide a potentially important tool for 
functionalizing surface, both planar and porous. Some of the many interactions that occur 
between neutral (uncharged, zwitterionic) bilayers and solid substrates (e.g., glass) 
include the Van der Waals, hydrophobic and protrusion forces. The difference in these 
forces in the vesicle state and continuous bilayer state interacting with a support is very 
distinct. 
 
Anderson et al. [90] studied the different stages of vesicle rupture and suggest that a 
number of distinct stages occur. Vesicles first adsorb onto a substrate surface under 
sufficiently adhesive conditions. In the case when adhesion is strong enough or when the 
vesicle is in an osmotically stressed state, the vesicle may deform and cause inter-bilayer 
stresses large enough to result in vesicle rupture, forming a bilayer island on the surface. 
On the other hand, additional stress from neighbouring vesicles can cause rupture as well. 
After initial rupture, subsequent vesicles come into contact with the edges of the bilayer 
which are energetically unfavourable. This promotes interaction with adjacent material 





such as the rupture of surface bound vesicles. The process continues till the point where 
the bilayer is complete. Another finding made was that the vesicle concentration needs to 
be sufficiently high in order to undergo rupture. 
 
Fig. 2.3 Step-by-step mechanism of vesicle rupture 
 
Mobile vesicles can avoid stress from neighbouring vesicles by displacement along the 
surface as seen in Fig. 2.4. Hence, this will be one of the issues to be addressed in this 
work. How can vesicles be ruptured on the porous substrate? How does one ensure that 
the vesicles rupture instead of rolling or sliding on the substrate? 






Fig. 2.4 Possible movement/non-movement of vesicles upon deposition on a substrate [72, 
98] 
  





Chapter 3. Experiments 
 
3.1 Materials 
CA398-10 (CA) was supplied by Eastman Chemical Company and dried at 80°C under 
vacuum overnight prior to use. CA was chosen because it is an economical material with 
good mechanical strength and its availability of hydroxyl groups for modification of 
additional functionality. 
 
Fig. 3.1 Chemical structure of CA polymer 
 
N-methyl pyrrolidone (NMP) as the solvent was purchased from Merck. 3-
(trimethoxysilyl)propyl methacrylate and ethanol were used during the surface 
modification of CA398-10 membranes and were from Sigma-Aldrich and Merck, 
respectively. Methacrylate end functionalized poly(2-methyloxazolineb-
dimethylsiloxane-b-2-methyloxazoline) PMOXA(1000)-b-PDMS(4000)-PMOXA(1000) 
(Sample #P3195-MOXZDMSMOXZ) triblock (ABA) copolymer was purchased from 
Polymer Source Inc. Chloroform as a solvent was purchased from Tedia. 10x phosphate 
buffer saline (PBS) from 1
st 
Base of Singapore was used as a buffer after 10 times 
dilution, while biobeads SM-2 absorbents from Biorad and dodecyl-β-d-maltoside (DDM, 
purity > 99.5%) from Acros Organics, Geel, Belgium were used to prepare the 
R1, R2, R3 = Acetyl or H 





proteopolymersomes. Ultrapure water used in this work was dispensed from a MilliQ 
(Millipore) unit. Polyethylene oxide of molecular weights 35k, 100k, 200k and 300k 
were from Sigma-Aldrich. 
 
Aquaporin Z (AqpZ) with a 10-histidine residual tagged was prepared according to 
Borgnia et al. with slight modifications [47]. In brief, E. coli genomic DNA was extracted 
and subsequently used to clone AqpZ gene. Primers were designed based on published 
AqpZ nucleotide sequence.  The AqpZ gene was amplified and cloned into the pCR-4 
vector using the TOPO cloning kit (Invitrogen, USA). The positive clones were 
sequenced and further subcloned into an expression vector, pQE-30 Xa expression vector 
with ampicilin selection and an amino-terminal 6xHis affinity tag (Qiagen, USA). The E. 
coli strain TOP10F was transformed, grown to 0.6–1 OD at 600nm in LB with 100mg/l 
ampicilin, and induced with 1 mM isopropyl-D-thiogalactoside. Cells were harvested and 
lysed by sonication in phosphate buffered saline (PBS, pH 7.4) containing 1% dodecyl 
maltoside (Anatrace, Maumee, Ohio, United States) and 0.5 mM phenylmethylsulforyl 
fluoride. Cellular debris were pelleted at 10,000 rpm for 45 min and discarded. 
Membranes were recovered from supernatant by 100,000 centrifugation for 60 min. 
AqpZ was solubilized from membranes by agitation in 1% dodecyl maltoside and PBS 
for 12–16 h. Solubilized protein was bound in batches to Ni–NTA resin (Qiagen, 
Valencia,California, United States), washed, and eluted with PBS (pH7.4), 1% dodecyl 
maltoside and 250 mM imidazole. Imidazole was removed using a Bio-Rad (Hercules, 
California, United States) Econo-Pac DG10 desalting column. The resulting recombinant 
Aquaporin Z protein contains 6His tag at the N-terminal of protein followed by a protease 





(Factor Xa) digestion site. Further PCR and subcloning was carried out to remove the 
protease site and increase the N-terminal Histidine tag from 6His to 10His. The resulting 
clone, AQPzKJ-His10 was used to express the aquaporins used in our study. 
 
3.2 Preparation and surface modification of flat sheet CA membranes 
The polymer solution was prepared by dissolving the dried CA398-10 powder (14 wt%) 
in NMP (86 wt%) under stirring until a homogeneous polymer solution was attained. The 
polymer solution was then cast on a Teflon plate with a 250 μm casting knife, followed 
by immediate immersion in a tap water coagulant bath at room temperature. The as-cast 
membranes were soaked in water for at least 2 days with constant change of water to 
ensure complete removal of solvent. Solvent exchange was subsequently conducted on 
the membranes by immersion into isopropanol for three times followed by hexane for 
three times, each for one hour. The membranes were finally dried under vacuum for thirty 
minutes at room temperature and kept in a dry box (<25% humidity) prior to use. 
 
The surface modification of CA membranes was conducted as follows. 2 wt% 3-
(trimethoxy- silyl) propyl methacrylate in a 95/5 v/v ethanol/water solution was prepared 
for the surface modification of CA membranes. Silanization of CA membranes was 
carried out for two hours by allowing the surface of membranes to be in contact with the 
solution. The modified membranes were washed with excess ethanol to remove any 
residual chemical on the surface. The silanized surface was allowed to cure at room 
temperature for 24 hours. 






Fig. 3.2 Chemical structure of 3-(trimethoxy- silyl) propyl methacrylate 
 
3.3 Preparation of ABA block copolymer vesicles and AqpZ reconstitution 
The triblock copolymer (ABA) was dissolved in an appropriate amount of chloroform 
and a thin film of polymer was formed on the wall of a round bottom flask by drying via 
a rotary evaporator. The film was further dried overnight under vacuum to ensure 
complete removal of the solvent. Pure ABA vesicle solutions were prepared by addition 
of 1x PBS buffer at 25°C to rehydrate the film. The vesicle suspension was stirred 
overnight. For reconstitution experiments, an AqpZ solution (1% dodecyl-β-d-maltoside, 
DDM) was added in appropriate amounts to wet the dried films for a few minutes before 
addition of a mixture of 1% DDM and 1x PBS buffer. The mixture was left to stir for 
more than 12 hours. Biobeads were added 50mg each time, for more than 3 times over 48 
hours. AqpZ-incorporated proteopolymersomes with AqpZ:ABA ratio of 1:200, 1:100 
and 1:50 were therefore prepared. The final concentration of the vesicle solutions was 
5mg/ml. 
 
3.4 Preparation of planar triblock copolymer membranes 
Firstly, the silanized CA support was mounted on the porous stainless steel base of a NF 
permeation cell. The vesicle solution was placed on the support such as to completely 
cover it. The solution was left for a few minutes with vacuum suction (∆P = 100mbar) 
from the bottom. The membrane was subsequently polymerized via exposure to 





ultraviolent irradiation (Vilber Lourmat Corporation (Marne-la-vallée Cedex1, France, λ 
= 254nm) for 15 minutes at 4°C. 
 
3.5 Membrane permeability measurements 
3.5.1 Stopped-flow spectroscopy 
Stopped-flow experiments (Chirascan Circular Dichroism Spectrometer, Applied 
Photophysics, UK) were carried out on the polymer vesicles and proteopolymersomes to 
determine their permeability. Vesicles were diluted to 1mg/ml and extruded with a 
100nm track-etched polycarbornate membrane prior to tests. During the stopped-flow 
experiments, vesicles were subjected to osmotic shock with a hyperosmolar sodium 
chloride (1M NaCl). The change in vesicle volume was monitored by a 90° light 
scattering at a wavelength of 577nm. All experiments were conducted at 25°C. Data 
acquired were fitted to an exponential rise equation as follows: 
)exp( ktAY   (1) 















Where S is the surface area of the vesicle, in m
2
, 0V is the initial volume of the vesicles, 
in m
3
, wV is the partial molar volume of water (0.018 Lmol
-1
), osm is the osmolarity 





difference that drives the water outflow of the vesicles, in osmol L
-1
, and Pf is the osmotic 




3.5.2 Nanofiltration (NF) experiments 
NF experiments were conducted in a home-made stirred dead-end filtration cell. The 
active membrane surface area has a diameter of 3mm. All filtration experiments were 
carried out at 5 bar and room temperature (22 ± 1°C).  
 







  (3) 
where Q is the water permeation volumetric flow rate, in liter hr-1. A is the effective 
filtration area, in m
2
, and P is the trans-membrane pressure in bar. The pure water 
permeability was determined after at least 2 hours from the start of the NF tests to allow 
stabilization. PWP was measured at 5 bar. 
 
The salt rejection measurements were carried out as follows. 200ppm salt solutions were 
used to determine the rejection performance. The conductivity of the feed and permeate 
were measured with a laboratory conductivity meter (Metrohm, Singapore). The rejection 















R  (4) 
pC and fC are the concentrations of the permeate and feed, respectively. 
 





3.6 Characterization of membranes 
The morphologies of CA, silanized CA membranes as well as polymerized ABA 
copolymer membranes were observed under field emission scanning electron microscopy 
(FESEM). The membrane cross-sectional images were obtained by freeze-fracturing the 
membranes in liquid nitrogen. The samples were coated with platinum with a JEOL-JFC-
1300 coater before analysis. 
 
The chemistry of silanization on the CA membranes was confirmed by X-ray 
photoelection spectrometry (XPS) conducted by a Kratos AXIS Ultra DLD spectrometer 
with the source of a monochromatised AlKα. The functional groups on the CA 
membranes were identified by the ATR method on a Bio-Rad Fourier transform infrared 




In this work, solutions containing 200 ppm of different molecular weights of PEG or 
PEO were used as the neutral solutes for the characterizations of membrane pore size and 
pore size distribution. The relationship between Stokes radius (rs, nm) and molecular 
weight (Mw, gmol
-1
) of these neutral solutes can be expressed as: 
 
For PEG            557.0121073.16 Mr        (5) 
For PEO            
587.0121044.10 Mr        (6) 
 
From Eq. (5) and (6), the radius (r) of a hypothetical solute at a given Mw can be 
calculated. The mean effective pore size and the pore size distribution were then obtained 





according to the traditional solute transport approach by ignoring influences of the steric 
and hydrodynamic interaction between solute and membrane pores, the mean effective 
pore radius (μp) and the geometric standard deviation (σp) can be assumed to be the same 
as μs (the geometric mean radius of solute at R=50%) and σg (the geometric standard 
deviation defined as the ratio of the rs at R=84.13% over that at R=50%). Therefore, 
based on μp and σp, the pore size distribution of a membrane can be expressed as the 
following probability density function: 
2
2
d ( ) (ln ln )1
exp










      (7) 
The concentrations of the feed and permeate were determined by a total organic carbon 
analyzer. The solute rejection was calculated using equation (4).  
 
  





Chapter 4. Results and discussion 
 
4.1 Stopped-flow spectroscopy results 
Fig. 4.1 shows the relative response of AqpZ:ABA polymer vesicles in stopped-flow 
measurements and the calculated permeability at different AqpZ:ABA ratios. ABA 
vesicles displayed no permeability when subjected to osmotic shock and hence have a 
permeability corresponding to zero. The permeability of proteopolymersomes with AqpZ 
to ABA ratio of 1:200, 1:100 and 1:50 increases from 1673 to 2049 and subsequently 
2350 μm/s. This trend is similar to that reported by Kumar et al. [61]. The vesicles 
prepared with an AqpZ:ABA ratio of 1:50 shows the highest permeability. The effect of 
crosslinking on the functionality of AqpZ was also investigated by performing the 
stopped-flow measurements before and after crosslinking. It can be observed from Fig. 
4.1 and Table 4.1 that UV crosslinking has minimal impact on the permeabilities of the 
AqpZ incorporated polymersomes. 
 






Fig 4.1 Permeability of AqpZ:ABA polymer vesicles at different AqpZ:ABA ratios 
 
Table 4.1. Permeabilities of different ratio of AqpZ:ABA polymersomes before and after 
crosslinking  
 
Before  UV (µm/s) After UV (µm/s) 
AqpZ:ABA = 1:200 1673.31 ± 198.69 1614.13 ± 31.13 
AqpZ:ABA = 1:100 2048.89 ± 190.09 1931.46 ± 178.19 
AqpZ:ABA = 1:50 2349.81 ± 275.70 2210.80 ± 105.78 
 
4.2. FTIR and XPS characterization 
Fig. 4.2 shows the FTIR spectra of the CA membranes before and after modification. 
Silanization is confirmed because of the disappearance of the peak at about 3450cm
-1
 
assigned to –OH groups on the CA membrane surface. The appearance of a peak at about 
1540cm
-1
 indicates the existence of the double bonds from the methacrylate group. The 
surface hydroxyl groups readily react with the silane coupling agent, thereby introducing 






























Fig. 4.2 FTIR spectra of CA and silanized CA 
 
Elemental compositions of the membranes before and after silane coupling were also 
detected by XPS. Before treatment with the silane coupling agent, the element silicon (Si) 
was not detected. However, the XPS analysis reveals the presence of carbon (C), oxygen 
(O), silicon (Si) elements on the silanized CA membrane as summarized in Table 4.2. 









































CA 56.11 43.89 - - 
Silanized CA 59.00 40.37 0.63 - 
CA ABA 44.30 24.65 28.62 2.43 
CA AqpZ-ABA 1:200 45.73 23.90 27.56 2.81 
CA AqpZ-ABA 1:100 46.42 24.95 25.51 3.12 
CA AqpZ-ABA 1:50 47.77 25.76 22.98 3.49 
 





 as observed in Fig. 4.3. These two peaks correspond to 
the C=C stretching and =CH2 wag from the methacrylate groups of the triblock 
copolymer. The extent of crosslinking is calculated to be about 88%. Crosslinking brings 
about a more compact structure and hence the characteristic peaks corresponding to 
1361cm
-1
 (C-N stretching) and 1134cm
-1
 (C-O-C stretching) show a decrease in intensity. 






Fig. 4.3 FTIR spectra of CA ABA membrane before and after crosslinking  
 
4.3 Morphologies by FESEM 
The top surfaces as well as cross-sectional morphologies of the CA membranes before 
and after functionalization remain similar as seen in Fig. 4.4A and B. Treatment of the 
CA membrane with the silane coupling agent allows the latter to be grafted by a 
condensation reaction but does not change the water permeability significantly by 
comparison of the PWP values before and after modification. This is desirable as 
favorably low transport resistance of the substrate is preferred so that Aqp embedment 
can be confirmed by the observation of large water fluxes and salt rejection. A substrate 
with a low water flux would play a rate determining step and thus limit the Aqp 
performance. After vesicle fusion and polymerization via UV irradiation, the pores of the 
silanized membrane cannot be clearly observed because they have been covered by a 
layer of ruptured and unruptured vesicles as shown in Fig. 4.4C.  





























Fig. 4.4 Morphologies of (A) CA (B) silanized CA and (C) AqpZ ABA polymerized 
membranes 
 
Upon close observation, a selective layer of about 100 nm is spotted in Fig. 4.4C (right). 
The thickness of the layer indicates that the layer is a multi-layered one. Silanization 
results in the CA membrane having increased hydrophobicity because the water contact 
angle increases from 65° to approximately 75°. This hydrophobic end group of the silane 
coupling agent on the modified surface of CA membrane promotes vesicle rupture and 
hence forms the initial layer on the membrane. The vesicle solution above this first layer 
is in contact with the hydrophilic ends of the triblock copolymer and hence remains in its 
vesicular form as polymer vesicles. As shown in Fig 4.4C (left), vesicles can be observed 



















proposed that vesicles located sufficiently far away from the edges of a bilayer do not 
undergo the edge-induced rupturing and hence remain intact [99]. Upon UV irradiation, 
the ruptured and un-ruptured vesicles are able to crosslink to form the resultant multi-
layered biomimetic membrane. One advantage of this structure is that each added layer 
covers the defects in the previous layer. 
  
4.4 Mean pore size and pore size distribution 
The mean pore size of the as-cast CA and silanized CA membranes were determined 
through the rejection of various polyethylene oxide with different molecular weights. As 
seen in Fig. 4.5, the pore size changes only minutely from 20.0 nm to 19.1nm after 
modification with the silane coupling agent. This slight reduction in pore size correlates 
well with the slight decrease in water permeability of the two membranes. The pore size 
has a distribution from the range of 2 to 70nm which is much smaller than the diameter of 
the polymer vesicles (150nm). This ensures that the vesicles do not fall and seep through 
the membrane, but bridge the pores upon vesicle rupture. Kumar et al. [99] has reported 
similar findings that a minimum vesicle to pore diameter ratio should exist in order to 
form supported bilayers on the substrate. The knowledge of pore size distribution is 
important while controlling the suction pressure applied during the formation of the 
triblock copolymer selective layer on the membranes. If the suction pressure is 
insufficient, the polymersomes will not be able to rest on, rupture and subsequently cover 
the pores. On the other hand, a suction pressure larger than the critical pressure will cause 
the vesicles to be pressurized through the membrane matrix. 






Fig. 4.5 Mean pore size and pore size distribution of CA and silanized CA membranes 
 
4.5 PWP and salt rejection 
The results of PWP and salt rejections as well as their corresponding hypothetical 
structures are summarized in Table 4.3. As aforementioned, the pore size and pore size 
distribution of the silanized CA membrane are only slightly different from those of the 
original CA membrane. As a result, they have similar high fluxes and low rejections. 
Since a UV-polymerized triblock copolymer layer is formed on the CA substrate, it seals 
the substrates pores. Thus, the CA ABA membrane shows no water permeability. This 
phenomenon is also due to the fact that (1) a high concentration of polymer vesicles is 
used; and (2) the multi-layered selective layer may undergo compaction and thus seal the 
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Table 4.3 Pure water permeability and salt rejection of various membranes 
 
 
The PWP and salt rejection values of the last 3 rows of Table 4.3 are interesting and 
encouraging. A clear trend is observed; namely, an increase in AqpZ:ABA ratio from 
1:200 to 1:50 results in a substantial increase in pure water permeability and salt rejection. 
The PWP results are in good agreement with the stopped-flow spectroscopy results. 
Clearly, the embedment of a larger amount of AqpZ facilitates water transport and brings 
about an increase in water being transported across. The increase in salt rejection arises 
from the unique characteristics of high salt rejection of AqpZ. The AqpZ-embedded 
membrane with an AqpZ:ABA ratio of 1:200 displays a flux of only 2.90 LMHbar
-1
. This 
may be associated to fewer water molecules being able to come into contact with protein 
water channels.  Similarly, the low salt rejection value is attributed to the low frequency 
of water channels, leading to salt ions passing through the defects that may arise from 





looser interaction of the protein-polymer matrix. Hence, with an increase in AqpZ 
loading in the membrane, the water paths come into contact with a higher probability of 
AqpZ channels. The increment in AqpZ water channels to a ratio of AqpZ:ABA=1:50 
gives the best performance, corresponding well to that displayed by their vesicular 
configuration. 
 
It is also important to note that the membranes prepared in this work possess the 
mechanical strength to be able to withstand a pressure of 5 bar or slightly higher. 
Polymerization of the polymer matrix by UV irradiation is thus a viable approach to 
achieve this stability. The multi-layered configuration also imparts the mechanical 
strength needed to withstand this pressure. In comparison to some state-of-the-art 
nanofiltration membranes [100, 101], the salt rejection achieved is comparable while the 
flux exhibits a three-fold increase.  
 
  







Demonstration of AqpZ embedded planar biomimetic membranes with a high flux and a 
reasonable salt rejection for water reuse has been carried out in this study. The proof-of-
concept which includes 1) fabrication and functionalization of a conventional phase 
inversion membrane as a supporting substrate and 2) vesicle rupture and UV 
polymerization to form the selective layer has been established. The porous substrate 
imparts the mechanical stability, while the polymeric layer upon it contributes in 
selective separation. The amount of Aqp employed in the fabrication plays an important 
role in achieving a desirable water permeability and salt rejection. An increase in water 
flux with an increase in AqpZ:ABA ratio is indicative of channel-mediated transport. 
From this work, fundamental understanding of fabricating AqpZ-embedded biomimetic 
membrane can be drawn. As part of continuing efforts to further increase salt rejection, 
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